The hydration structure of ions in aqueous environments can have a significant influence on their chemical and biological properties. Due to its inherent dynamical character, determination of the hydration shell around dissolved ions has proved challenging, mainly so for cations such as sodium and potassium which form diffuse and dynamic hydrating structures. The low frequency polarized Raman spectrum, as retrieved by time resolved isotropic optical Kerr effect measurements, is sensitive to structural fluctuations and can reveal information about ion-water interactions through their Raman active vibrational modes. Here we study a series of mixtures of sodium, potassium and lithium hydroxide solutions by changing cation concentration pairwise (namely, sodium/potassium or sodium/lithium) while keeping constant the hydroxide concentration. The hydroxide-water hydrogen bond vibration, which produces a well-defined isotropic Raman mode, appears at higher frequencies from the cation-water Raman active vibrations. In addition to previously reported lithium-water low frequency vibrations, clear spectral features could be resolved from the concentration studies and assigned to sodium-water hydration shell vibrations.
Introduction
The low frequency vibrational spectra of liquid solutions contain important and unique information about solvent dynamics and solute-solvent interactions. [1] [2] [3] [4] Characteristic low frequency modes can reveal information about ion hydration, ionic dissociation and ion-pair formation. [5] The understanding of the structure and dynamics of ion hydration is important, especially in the fields of chemistry and biology. [6, 7] For example, many functions in the human body are regulated by ion-water interactions as exemplified by ion channels that are key features in cellular operation. [8] In addition, protein precipitation is regulated by the presence of ions, with some ions being more effective than others (the Hofmeister series) in denaturating proteins. [9] Therefore, it is essential to have a better understanding of the specific interaction mechanisms, interaction strengths and dynamics of hydrated ions in solution.
Ions, as present in aqueous solutions, have been actively investigated through different techniques including Raman spectroscopy, dielectric relaxation spectroscopy (DRS), infrared (IR), neutron diffraction (ND) and X-ray absorption and scattering spectroscopy. [1, 5, 6, 10, 11] The latter techniques such as ND and X-ray are able to provide detailed structural information whereas DRS enables determination of hydration numbers and the association constants for ion pairs in differing conditions, such as solvent shared or separated or contact ion pairs. [5] Recently it was shown that by measuring the isotropic optical Kerr effect (OKE) response of aqueous alkali halide and hydroxide solutions, the hydrogen bond (H-bond) vibration between water and anions could be observed in the time domain. [1, 2] Through a Fourier Transform procedure, it proved possible to recover the low frequency Raman spectrum which showed well-defined modes related to the anion-water H-bond vibration in those solutions. This in-turn permitted the unambiguous determination of some important water-anion H-bond parameters, such as frequency, force constant and dephasing
A C C E P T E D M A N U S C R I P T
ACCEPTED MANUSCRIPT 4 time. Although our previous focus was on water-anion H-bonds, the effect of the cations was also noted through their electric field effects, namely, by blue shifting the water-anion Hbond vibration frequencies.
The hydration structure of cations in aqueous solutions has attracted great interest within the physical chemistry community. Significant effort has been put into elucidating the hydration structure of sodium (Na + ) and potassium (K + ) cations due to their great physiological importance. [12] [13] [14] Molecular dynamics simulations indicated that hydrated cations produce characteristic low frequency Raman vibrational modes, although with lower amplitude when compared to water-anion H-bond vibrations. [15] Indeed early on, we were able to identify clear spectral signatures for doubly and triply charged cations such as calcium, magnesium and aluminium. [1] Nevertheless, singly charged cations did not seem to produce well-defined low frequency modes, the exception being lithium (Li + ) which, due to its strong interaction with water oxygen, presented a clear isotropic vibrational mode in the region around 220 cm -1 . [16] In this work we present a series of measurements intended to identify low frequency vibrational features related to the hydrated cation and also to investigate the effect on those vibrational modes of changing the solute concentration varying the counter-ion. The ultimate objective is to identify and characterise specific features of the hydration shell related to the presence of the singly charged Na + and potassium K + cations.
Experimental

Materials
Water, salts and hydroxides were of analytical grade (Sigma-Aldrich). The solutions were injected into 2 mm path length fused silica cuvettes through a 0.2 m micropore filter to
remove any particulate matter. Because of significant contributions of signals from the cell walls to the weak isotropic response, a 2 mm path length cuvettes were selected to ensure that the beams crossed only in the liquid.
Instrumentation
The experimental setups used were similar to those described in previous publications. [1, 17, 18] Briefly, for the isotropic OKE measurements, the ultrashort pulses were generated in a commercial Kerr-lens mode-locked Ti:Sapphire laser (Micra 10, Coherent). The output had a centre wavelength around 800 nm with 80 nm bandwidth and 800 mW average power. A pair of fused silica prisms was used for compensation of the temporal broadening of pulses directly emitted from the oscillator, and also for precompensation for dispersion due to propagation through the optics used in the experiment.
Measuring the autocorrelation at the sample position in a 50 m BBO crystal revealed typical pulse durations of 20 fs. In order to be able to access all the different third order nonlinear susceptibility elements we worked with a diffractive optic based transient grating spectrometer. We were interested mainly in the isotropic response, for which the probe polarization was aligned parallel with the analysing polarizer and at 54.7 o with respect to the pump (known as the magic angle). [19] The third order nonlinear signal generated in the sample was mixed with the fourth beam (called local oscillator (LO)) from the diffractive optics element to obtain a fully heterodyne detected measurement. The phase between the LO electric field and the signal field was adjusted with a pair of microscope cover slips (200 µm thickness) to an angle of 90 o such that the birefringent contribution was accessed. [20] 
Data Interpretation
Measurements of the third order isotropic polarisability relaxation signals were performed in the time domain. The detected signal, S(t), is a convolution of solution
polarisability response function, R(t) with the instrument response function, G (2) (t) which is the second order autocorrelation of the laser pulses,
. [21] Both single molecule and interaction-induced processes and their cross terms contribute to the observed signal. Further details of OKE spectroscopy can be found elsewhere. [22, 23] The signal S(t)
can generally be separated into fast (subpicosecond) and slow (picosecond to nanosecond)
contributions. The former typically manifests oscillatory behaviour and contains information about non-diffusive and interaction-induced dynamics, while the latter exhibits monotonic, often non single exponential, relaxation and contains information on diffusive orientational relaxation and H-bond network reorganization. [24] The method has been widely used to probe dynamics in simple liquids, ionic liquids and complex fluids. [25] [26] [27] [28] [29] The dynamics acquired through OKE can be analysed in both time and frequency domain. The frequency domain representation is readily calculated from the Fourier
. The imaginary part of D(ω), (ImD) , contains only information about the nuclear part of the polarisability response. [22] The result is the Raman Spectral Density (RSD), i.e., RSD= Im
Results and Discussion
Before presenting and discussing salt and hydroxide aqueous solutions it is important to note that the isotropic OKE response is not sensitive to molecular orientational motions.
As a consequence it is given mainly by the interaction-induced polarizability response, which may include higher order dipole-induced dipole terms (as first discussed by Mazzacurati et al), in addition to low frequency polarized vibrational modes. [30] [31] [32] [33] [34] A C C E P T E D M A N U S C R I P T
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As discussed before (and shown in Figure 1a ), the pure water isotropic OKE signal decays with a single exponential component with a time constant around 50fs. [1] There is also some evidence that there are even faster relaxation processes at early times which are difficult to capture experimentally and which could be related to quantum effects of the hydrogen atom. [33] More importantly, there are no low frequency modes related to the Hbonded structure present in liquid water (and which produces well defined bands in the anisotropic OKE response) as can be seen in Figure 1b . The isotropic OKE spectrum consists only of a broad featureless band that can be fitted to a combination of a Bucaro-Litovitz (BL) function plus an asymmetric Gaussian (AG) function (details of these fitting functions are presented in reference [35] ). The full understanding of the origin of this band lies beyond the scope of this work, and requires further theoretical and molecular dynamics simulations to be fully determined. We know that this band is not affected by isotopic substitution and is insensitive to temperature variations within a region of 268 K to 332 K (unpublished data).
NaCl, is ionized in aqueous solution and the ions are independently hydrated by water molecules. Water molecules form H-bonds with the anions and the water oxygen atom interacts through van der Waals forces with the cations. [6] The symmetry of these new structures might be such that it allows the appearance of polarized Raman active vibrations.
Indeed, we reported previously that the hydrated halide anions produce well defined low frequency vibrational modes which are readily recorded by the isotropic OKE measurements. [1] For instance, the hydrated chloride anion produced a polarized band with a frequency around 170 cm -1 , similar to the frequency of the H-bond vibration of water molecules in the bulk liquid. Through DFT calculations, it proved possible to determine the solvation structure, which produced polarized modes with frequencies similar to those measured experimentally. Also it was possible to determine the H-bond force constant which turned out to be similar to the force constant of water-water H-bonds. This result underpinned
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Those anions hardly produce any alteration to the water dynamical properties. An exception to this rule is the hydroxide anion which forms a significantly stronger H-bond to water. [36] The frequency of the hydration modes of OH − measured by isotropic OKE experiments was around 280 cm -1 , producing an H-bond force constant twice that of water-water H-bonding.
The low frequency Raman modes of singly charged cations were not resolved in our previous measurements. In order to access the presence of such modes we have performed a series of isotropic OKE measurements on mixtures of salts and bases by keeping the concentration of the anion constant but varying the concentration of the cation. Changes in the spectrum are then expected to be due to the solvated cation. Hydroxides are ideal because the OH − anion produces a relatively high frequency hydration shell mode and, therefore, is not overlapping with the lower frequency region, where the cation modes are expected.
Therefore, we present below results for a series of mixtures of NaOH, KOH and LiOH, and then further measurements on NaCl and LiCl mixtures, which are intended to rule out any specific features related to hydroxide anion present in the basic solutions.
-Sodium and Potassium Hydroxides
In order to illustrate the typical time domain measurements obtained in this work, Figure 2a shows the temporal evolution of the isotropic OKE signal for a 6M NaOH and a 6M KOH aqueous solution. The signal around time zero is due mainly to an electronic contribution (instantaneous laser induced electronic cloud deformation) and is much stronger than the nuclear time evolution that appears after around 50fs. [33] Although the data can be analysed in the time domain, to align with conventional Raman and other low frequency spectroscopies, the signal is presented in the frequency domain in Figure 2b , which is obtained by the Fourier transform procedure outlined above. The results shown in Figure 2b 9 are the corresponding low frequency isotropic Raman OKE spectra for a series of NaOH and KOH mixtures, where one series has a fixed 3M OH − concentration and the second has a 6M OH − concentration. The concentration of Na + and K + cations was varied inversely. The striking feature observable from those measurements is an amplitude increase in the region around 170 cm -1 . As the amplitude grows with increasing Na + concentration (and decreasing K + concentration), the immediate conclusion is that this spectral feature is due to a polarized Raman active mode of hydrated Na + ions.
In order to quantify the spectral changes observed in Figure 2 , the data were fit to a maximum of three lineshapes, as shown in Figure 3 for the 3M OH − series: a low frequency (LF) lineshape, an intermediate lineshape, related to the cation, and a high frequency (HF) lineshape related to the OH − anion. The procedure to fit the data consisted in initially fitting the neat H 2 O isotropic spectrum ( Figure 1 ) to a combination of BL and AG functions (as already mentioned above). The same combined function (with parameters fixed to those obtained by fitting neat H 2 O) was then used to fit the low frequency region of the Na + / K + /OH -mixtures by allowing only the LF mode amplitude vary. We had already noticed that this frequency region has a very similar shape to the band measured for pure water, although the amplitude is higher in ionic solutions when compared to neat water; this might be expected given that ions can add a term to the water interaction induced polarizability. [37] [38] [39] [40] The HF mode, which is clearly related to the OH − anion, was fitted to a Gaussian lineshape with the three parameters recovered, i.e. central frequency, bandwidth and amplitude, similar to those already reported, although a better fit was obtained by leaving those parameters float over a small range of values. [36] By fitting the 3M KOH spectrum first it was found to be necessary to use a third broad AG mode which was added to the LF lineshape (now defined as LF AG ) the parameters of which including its amplitude, were kept fixed in all subsequent fittings of the mixture
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10 spectra, Importantly, this additional Gaussian was also required in 3M NaOH and was observed to be independent of either Na + or K + concentrations. Therefore, we assign it to the presence of the OH −-anion in aqueous solution, an assignment which will be confirmed below by measurements performed in NaCl aqueous solutions, where this extra component is absent. We are not sure as to the origin of this additional polarized OH − induced band and therefore did not try to assign it further. So far the results seem to indicate only a Na + related spectral feature and no additional feature related to the presence of K + . This is consistent with the available literature, where no experimental or theoretical results regarding K + can be found. [15, 41] By using the recovered fitted parameters for the LF AG and HF bands for 3M KOH we then fitted the 3M NaOH spectrum using another AG lineshape whose parameters were left floating in the region of 100 to 200 cm -1 . The recovered fit with its components is shown in , where  is the molar intensity coefficient, equivalent to a Raman cross section scattering coefficient. In principle, it is possible to determine the scattering cross section by comparing a given signal to a known reference sample. For the Na + /K + /OH -mixtures, the Na + mode had its central frequency and bandwidth fixed and the amplitude was left floating. The obtained fits are very good (Figure 3b,c) . It is now possible to calculate the fitted mode area contribution and plot it against the Na + cation concentration in the pure and mixture solutions. The result is shown in Figure 4a . Clearly, the Na + cation contribution increases linearly with increasing concentration as shown by the linear fit (black line). This is good evidence that the proposed mode is indeed related to the
11 Na + cation. The LF AG band recovered from fitting the 3M and 6M Na + /K + /OH -mixtures and for pure water is shown in Figure 4b . There is a small variation mainly because only the low frequency water spectrum was allowed to change amplitude. But within the experimental uncertainty they are all equal at each OH -concentration. It is worth noticing the amplitude enhancement when compared to the band recovered for pure water, and that the amplitude increases with increasing OH − concentration.
There is good evidence in the literature that the Na + cation in aqueous solutions is hydrated by at least four water molecules, but most likely forms a penta-hydrate structure as suggested by X-ray measurements and neutron diffraction studies, even though these studies also revealed that the hydration sphere is rather malleable. Subsequently Rudolph performed Raman measurements on aqueous NaCH 3 CO 2 solutions show that K + does not produce any detectable low frequency vibrational mode, most likely due to the fact that this ion is not able to form a stable and long lived hydration structure.
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-Lithium and Sodium Hydroxides
To test the consistency of our results against a broader range of aqueous hydroxide solutions we carried out another series of measurements with mixtures of LiOH and NaOH solutions. Figure 5 shows spectra for single and mixtures of aqueous solutions of LiOH and NaOH together with their best fit. The fitting procedure was similar to the one applied to NaOH and KOH mixtures discussed above, i.e., a LF AG band, composed of a water mode plus an (OH − induced) broad AG band (see above), a HF band accounting for the hydrated OH − mode plus intermediate bands accounting for Li + and Na + ---OH 2 stretching vibrations.
We started by fitting the 3M LiOH solution and therefore determined the hydrated Li + ---OH 2 stretching vibration. The recovered frequency was 222 cm -1 and the bandwidth 85 cm -1 . The contribution to the total spectrum was 22% of the total area. The central frequency is lower but in general agreement with previous experimental and theoretical results. [1, 16] This mode was fixed in the subsequent fittings of the spectra resulting from the mixtures of LiOH and NaOH, as shown in Figure 5 . As the concentration of Na + increases in the mixtures it is necessary to add some amplitude due to the appearance of Na + ---OH 2 mode in order to be able to fit the data properly. In these fittings, the only parameter left floating, in regards to the Na + ---OH 2 mode, was its amplitude. Again, by calculating the area contribution due to the Na + ---OH 2 mode and Li + ---OH 2 mode and plotting them against their respective concentrations one obtains linear dependencies, as shown in Figure 6a and b, respectively.
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It is interesting, at this point, to summarize the data recovered by fitting the hydroxide series for different cations and different hydroxide concentrations. Figure 4b presents the LF AG recovered spectra, whereas Figure 7a shows the OH − ---H 2 O stretching vibration mode, and Figure 7b shows the area due to the Na + ---OH 2 stretching vibration as a function of concentration for all the fitted spectra, i.e., LiOH/NaOH and KOH/NaOH. The recovered dependence also proves that there is no evidence for ion-pair formation affecting the spectra, at least for the typical concentrations studied here.
-Lithium and Sodium Chloride
The final dataset consists of a series of mixtures of alkali halide aqueous solutions.
The time domain experimental data are shown in Figure 8a for 6M LiCl and 6M NaCl, and in anion also produces a band in the region of 170 cm -1 ) [1, 47] it is still possible to obtain
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As shown in Figure 8b , salient features are the appearance of a shoulder at around 230 cm -1 and a decrease in the overall amplitude of the spectra by increasing Na + /decreasing Li + concentration. The first feature can be explained by the appearance of a mode related to the Li + ---OH 2 stretching vibration that is already known to produce a contribution in this spectral region (see above); consistent with this, the amplitude of this mode grows as Li + concentration increases. The latter feature, the decreasing amplitude, can be explained by the disappearance of the Na + ---OH 2 stretching vibration mode as the Na + concentration decreases.
A fitting procedure similar to that described above was applied and the results are shown in Figure 9 . Briefly, the LF mode, determined by fitting pure water ( Figure 1 stretching vibration produced a frequency around 240 cm -1 which is slightly higher than the value recovered for the hydroxide solutions. On the other hand the recovered amplitude for this contribution was lower for the salt solution when compared to the hydroxide solutions, however it still scaled linearly with Li + concentration, as shown in Figure 10 .
Interestingly, Figure 10 also shows that the Li + ---OH 2 mode amplitude variation with Li + is stronger for the hydroxide solutions when compared to halide solution. As discussed earlier, the linear fit slope of the area versus concentration is related to the Raman cross section. This result could therefore mean that the hydrated cation scattering cross section is smaller in solutions containing Cl − anion, compared to solutions containing OH − anions.
However one cannot discard the possibility of amplitude interplay between the different fitted components, given that there is a significant overlap between the different contributions.
Finally, the recovered central frequencies, bandwidths and intensities for the various hydrated cation and anion isotropic OKE vibrational spectra studied in this work are summarized in Table I .
Conclusions
In this work we presented and discussed results regarding the low frequency isotropic OKE measurements in a series of salt and hydroxide aqueous solutions. Specifically, by performing measurements on mixtures of KOH/NaOH solutions we have identified a spectral feature around 175 cm -1 which was assigned to a Na + ---OH 2 stretching vibrational mode, possibly arising in the previously proposed penta-hydrated [Na(OH 2 ) 5 ] + structure. No evidence was found for the presence of Raman activity in the isotropic spectrum due to hydrated K + in solution. Concentration dependent measurements showed a linear dependence of the proposed Na + ---OH 2 mode amplitude with Na + concentration in solution.
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Confirmation of the presence of the Na + hydration shell mode was obtained by further measurements on mixtures of LiOH/NaOH as well as on mixtures of LiCl/NaCl. The latter measurement proved that the spectral feature at 175 cm -1 was not related to specific hydroxide ion interactions.
Further findings were that the presence of ions in solution also affects the LF band, usually assigned to the water interaction-induced response. A significant amplitude enhancement of the water LF mode was observed when hydroxide ions are dissolved in water, as shown in Figure 4b , pointing to the possibility of a hydroxide-water specific interaction, accounted for here in the LF AG lineshape. All these results can be tested in detailed molecular dynamics calculations which, by their turn in combination with other experimental results, can shed light on the hydrated structures present in ionic aqueous solutions, and further elucidate the specific interactions underlying the important biological activity of dissolved Na + and K + ions in aqueous environments. 
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